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ABSTRACT
We reanalyze the deep Chandra observations of the M87 jet, first examined by Wilson & Yang
(2002). By employing an analysis chain that also includes image deconvolution, knots HST-1 and I
are fully separated from adjacent emission. We derive the spatially resolved X-ray spectrum of the
jet using the most recent response functions, and find slight but significant variations in the spectral
shape, with values of αx(Sν ∝ ν
−α) ranging from ∼ 1.2− 1.4 (in the nucleus, knots HST-1, D and C)
to ∼ 1.6 (in knots F, A and B). We make use of VLA radio observations, as well as HST imaging and
polarimetry data (Perlman et al. 1999, 2001a), to examine the jet’s broad-band spectrum and inquire
as to the nature of particle acceleration in the jet. As shown in previous papers, a simple continuous
injection model for the synchrotron-emitting knots, in which one holds constant both the filling factor,
facc, of the regions within which particles are accelerated and the energy spectrum of the injected
particles, cannot account for the flux or spectrum of the X-ray emission. Instead, we propose that facc
is a function of both position and energy and find that in the inner jet, facc ∝ E
−0.4±0.2
γ ∝ E
−0.2±0.1
e ,
and in knots A and B, facc ∝ E
−0.7±0.2
γ ∝ E
−0.35±0.1
e , where Eγ is the energy of the emitted photon
and Ee is the energy of the emitting electron. In this model, the index, p, of the relativistic electron
energy spectrum at injection (n(Ee) ∝ E
−p
e ) is p = 2.2 at all energies and all locations along the jet,
in excellent agreement with the predictions of models of cosmic ray acceleration by ultrarelativistic
shocks (p=2.23). There is a strong correlation between the peaks of X-ray emission and minima of
optical percentage polarization, i.e., regions where the jet magnetic field is not ordered. We suggest
that the X-ray peaks coincide with shock waves which accelerate the X-ray emitting electrons and
cause changes in the direction of the magnetic field; the polarization is thus small because of beam
averaging.
Subject headings: galaxies: active — galaxies: individual (M87) — galaxies: jets — galaxies: nuclei
— magnetic fields — X-rays: galaxies
1. INTRODUCTION
The giant elliptical galaxy M87 hosts the best-known
extragalactic jet. As a result of its proximity (distance
= 16 Mpc, Tonry 1991, for a scale of 1′′ = 78 pc) and
high surface brightness from radio through X-rays, par-
ticularly high resolution studies of its structure are possi-
ble. The synchrotron nature of the jet’s optical emissions
was first demonstrated by Baade (1956), who found it to
be highly polarized. The first high-quality imaging po-
larimetry and photometry was done in the 1970s, both
in the radio (De Young, Hogg & Wilkes 1979) and opti-
cal (Schmidt, Peterson & Beaver 1978). Those observa-
tions showed a magnetic field predominantly parallel to
the local jet direction, highlighting the importance of an
understanding of the field structure. Subsequent obser-
vations in the radio (Owen, Hardee & Cornwell 1989 and
references therein; Biretta et al. 1995; Zhou 1998), mid-
IR (Perlman et al. 2001b, hereafter P01b), and near-
IR/optical (Meisenheimer, Ro¨ser & Schlo¨telburg 1996;
Sparks, Biretta & Macchetto 1996; Perlman et al. 1999,
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hereafter P99; Perlman et al. 2001a, hereafter P01a)
have featured detailed studies of the jet’s structure, al-
lowing models of synchrotron emission to be fit to the
broadband spectrum of each knot in the jet, and also
allowing the axial and magnetic field structure to be
probed.
Given its high surface brightness, it is not surprising
that the jet of M87 was also one of the first three jets
detected in the X-ray band by Einstein (Schreier et al.
1982; Biretta, Stern & Harris 1991), along with those of
Cen A (Schreier et al. 1979; Feigelson et al. 1981) and 3C
273 (Harris & Stern 1987). However, prior to the launch
of Chandra in 1999, very little was known about its X-ray
structure. X-ray emission had been discovered from three
of the knots in the jet by Biretta et al. (1991), but due
to the low angular resolution of the Einstein and ROSAT
data ( >∼ 5
′′, compared to jet features which are ∼ 1′′ in
extent), it was not possible to make detailed analyses of
the jet’s X-ray morphology, let alone comparisons to the
radio or optical.
Chandra observations of the M87 jet have revealed X-
ray emissions from every knot in the M87 jet (Marshall
et al. 2002, hereafter M02; Wilson & Yang 2002, here-
after WY02). The X-ray spectra of the knots are steeper
than those in the radio and optical bands, confirming
that the X-ray emission is not inverse-Compton scatter-
ing, for which the same spectral index is expected for
the synchrotron and inverse-Compton emission from the
same electron population. M02 and WY02 argued that
2the X-ray emission represents the high-energy tail of the
synchrotron spectrum. However, the images show in-
triguing differences between the X-ray morphology of the
M87 jet and its morphology in the optical and radio: in
particular, the X-ray emissions from some knots appear
to be upstream of their optical emissions and, in addi-
tion, two X-ray bright regions (labelled ’D-X’ and ’G’
by M02) are seen, which do not coincide with optically
bright regions of the jet. By contrast, the radio and opti-
cal morphologies of the M87 jet differ only subtly, being
quite similar on arcsecond scales but somewhat narrower
and “knottier” in the optical as revealed by the HST
observations (Sparks et al. 1996).
X-ray synchrotron emitting electrons have γ =
E/mc2 ∼ 107−8 and radiative lifetimes of a few to tens
of years (given the magnetic field strengths estimated
by Meisenheimer et al. 1996 or Heinz & Begelman
1997), thus requiring local particle acceleration. There-
fore, Chandra images of M87 give us the opportunity to
probe directly the acceleration of the high-energy par-
ticles whose emissions we see. In light of this fact, we
decided to analyze together the deepest published Chan-
dra image of the M87 jet (WY02) and the multiwave-
band VLA and HST imaging and polarimetry published
by Perlman et al. (P99, P01a). The goal of this work is
to improve our understanding of the physics of the M87
jet, and the relationship between the X-ray and optical
emissions.
In §2 we review the observations used in each band. In
§3 we discuss the radio, optical and X-ray morphology
and spectrum of the jet. This discussion includes a pre-
sentation of deconvolved images made from the Chandra
X-ray Observatory data and a comparison with HST im-
ages. The deconvolution results in a significant gain in
resolution which proves quite helpful in understanding
several structural details. We also present in §3 a de-
tailed discussion of the jet’s X-ray and optical-to-X-ray
spectrum, including the first optical-to-X-ray spectral in-
dex map as well as a comparison between the jet’s X-ray
structure and polarized optical emissions. In §4 we dis-
cuss the physical implications of our results, including a
model for particle acceleration and insights into the jet
structure and magnetic field configuration in the M87
jet. We conclude our discussion in §5 with a summary.
2. OBSERVATIONS
The data used in this paper have already been dis-
cussed by previous authors: the Chandra data by WY02
and the VLA and HST data by P99 and P01a (see also
Zhou 1998 for more details on the VLA observations). In
this section, we review the essentials of each dataset. For
specific information on data reduction procedures (ex-
cept those noted below, which are specific to this paper)
or observational details we refer the reader to those pa-
pers.
2.1. Chandra Observations
The Chandra data cover the energy range 0.2 − 10
keV, corresponding to frequencies between 4.8×1016 and
2.4× 1018 Hz. The Chandra observations were taken on
2000 July 29−30, using the ACIS-S instrument, with the
entire jet on chip S3. The observations were split into two
parts after a preliminary 1 ks observation showed that at
least three components in M87’s X-ray structure would
be piled up in a normal 3.2s frame time observation. A
0.4s frame-time observation with a standard 1/8 subar-
ray was used to obtain accurate spectra and photometry
of the brightest components, while a 3.2s frame-time ob-
servation using the full S3 CCD (as well as CCDs I2, I3,
S1, S2 and S4) allowed fainter structure to be observed
(WY02). The good exposure time of the 0.4s frame-time
observation was 12.8 ks, while the 3.2s frame-time data
included 37.6 ks of good exposure time.
For data reduction, we followed the procedures recom-
mended in the CIAO science threads. The data were
filtered to exclude times of high background and aspect
errors, of which very few were found. Prior to analyzing
the Chandra data, we resampled the images by a factor of
4, obtaining a scale of 0.′′123/pix. We also applied pixel
derandomization to the imaging data. Upon examination
of the 3.2s frame time data, four components were found
to be piled up: the nucleus as well as knots HST-1, D and
A in the jet (WY02). For these components, it was there-
fore necessary to use the 0.4s frame-time observations for
all analysis. For all other regions of the jet, however, we
were able to make use of the higher sensitivity 3.2s frame
time data. All data selection for X-ray spectral analysis
was done in CIAO v2.2 and 2.3, following the appropri-
ate threads. We included the application of ACISABS to
the ARF, which corrects for absorption by contaminants
on the surface of the CCD or a pre-CCD filter. For all
jet regions, we used X-ray background data selected from
25′′×3′′ rectangular regions situated 5′′ north and south
of the jet.
For the purposes of analyzing the imaging data, we
made use of a hybrid strategy, screening the images to
select only the 0.4s frame-time data for pixels within 1.′′5
of the centroids of the knots which are piled up in the
3.2s frame-time data, while using a weighted average of
the 3.2s and 0.4s frame-time datasets in all other re-
gions. In this way we were able to make an X-ray map
of the jet which is essentially unaffected by pileup. A
short IDL program was used to do the data selection de-
scribed above. Using this data selection method, maps
were made in the 0.3−1.0 keV, 1−3 keV and 3−10 keV
bands as well as the 0.3− 1.5 keV (see below) and total
bands. These maps were then registered to the VLA data
by assuming that the nuclear emission peak is located at
the same place in both bands.
To analyze the jet’s subarcsecond morphology, we at-
tempted to deconvolve the PSF from the Chandra im-
age. This is a difficult task, since the PSF of Chandra
is known to be energy-dependent (e.g., Karovska et al.
2001). Fortunately, the energy-dependent variations in
the PSF size can be minimized by choosing for decon-
volution only X-ray photons with energies between 0.3
and 1.5 keV. At higher energies the PSF has stronger
wings due to scattering by the mirror, and the intensity
of these wings is energy dependent. We therefore ob-
tained a 0.3 − 1.5 keV image, using the data selection
described above, and attempted deconvolution using a
monochromatic, 1 keV PSF, following the recipe in the
“Create a PSF” CIAO 2.2 thread. Several deconvolution
algorithms were tried, both in AIPS and IRAF. The most
satisfactory results were obtained with the maximum en-
tropy algorithm VTESS in AIPS. Other algorithms, in-
cluding the tasks LUCY in IRAF and IMAGR in AIPS,
gave similar results in terms of the source structure but
3had less even and/or higher noise levels across the image.
To reach a stable solution required 150 iterations of VT-
ESS. Following the application of VTESS, we smoothed
the data with a Gaussian of FWHM 0.′′2.
2.2. HST Observations
The HST images we discuss in this paper include both
multi-band imaging and polarimetry. The HST data
cover the frequency range 1.5− 10× 1014 Hz.
The multi-band HST imaging data (P01a) were ob-
tained in 1998 with the WFPC2 and NICMOS instru-
ments. Data were obtained on 25 and 26 February
through six filters, spanning the wavelength range 0.3-
1.6 microns. A seventh near-IR band (2.05 microns) was
also scheduled for 26 February, but had to be reobserved
on 4 April 1998, due to a loss of guide-star lock. Be-
cause of the relatively small field of view of the HST
instruments, we performed the 1998 February observa-
tions with the HST oriented such that the jet fell along
a chip diagonal. Unfortunately an equally good orienta-
tion was not available on 4 April; as a result, the F205W
data do not include the region within 1′′ of the nucleus.
In the F110W and F160W bands, the small size of the
NIC1 detector made it necessary to observe at two po-
sitions. Most of the observing time for those bands was
used on the inner jet (i.e., features interior to knot A, at
a distance from the nucleus of r = 12.′′4) because it has
a lower optical surface brightness than the main features
of the outer jet (i.e., beyond knot A).
Optical polarimetry of the M87 jet (P99) was obtained
on May 27, 1995 with the HST, using WFPC2 and the
F555W (broadband V) filter plus the POLQ polarization
quad filter. In order to maximize the unvignetted field
of view available for these observations, we used the WF
chips, rather than the PC, for the polarization observa-
tions. This is important for the M87 jet, which is over
20′′ long: by comparison the unvignetted field of view
on the PC chip using the POLQ filter is only 15′′ square
and while most, if not all, of the jet could be included on
the unvignetted part of the PC, it would be difficult if
not impossible to obtain in this way the good subtraction
of the galaxy emission which is critical for polarimetry.
Using each of the WF chips with POLQ is equivalent
to obtaining images at PA = 45◦ − V 3, 90◦ − V 3, and
135◦ − V 3, where V 3 is the rotation of the HST’s z-axis
with respect to the sky (for details, see Biretta & Mc-
Master 1997). A total of 1800 seconds integration time,
split in three to reject cosmic rays, was obtained on each
WF chip.
Each HST dataset was reduced in IRAF using the best
recommended flatfields, biases, darks and illumination
correction images. Combination of the HST/WFPC2
data was done in CRREJECT to eliminate cosmic rays.
The F814W images, as well as all NICMOS images, were
combined using the tasks in the DRIZZLE package. The
best available geometrical correction files were used to
make minor geometric corrections essential to register-
ing the HST data to the radio and X-ray frames of refer-
ence. Prior to analyzing the emissions of the jet, we sub-
tracted the galaxy emission, using the tasks ELLIPSE,
BMODEL and IMCALC. All flux calibration was done
using SYNPHOT in IRAF. As described in P99 and
P01a, we registered all HST data to the VLA data by
assuming that the radio and optical core positions are
identical (i.e., the same method as used for the Chan-
dra data). In comparing the morphology and spectral
properties of the jet in the optical to those in the X-rays,
we smoothed the data with Gaussians to 0.′′5 resolution
to ensure that no effects were present from observing
with different resolutions. The polarimetry data were,
however, left at the original resolution of 0.′′2 to give ad-
ditional insights into the physics. For more details, we
refer the reader to P99 and P01a.
2.3. VLA Data
To analyze the jet’s broadband spectrum, we include
also previously published radio data (Zhou 1998, P99),
obtained in February 1994 at 15 GHz. The data reduc-
tion procedures for this dataset have been described in
Zhou (1998) and P99. To facilitate direct comparison
between the radio and optical images, the radio image
was resampled to the same pixel scale as the HST and
Chandra images. As the absolute astrometry from VLA
data is of much higher quality than that which can be
attained from either HST or Chandra data, the position
of the nucleus of M87 in the VLA data was used as the
absolute astrometric standard (see previous sections).
While the radio data were obtained in February 1994,
the likely effects of variability are small. Even for the
largest radio variability found between 1993 and 1997
(∼ 40% for HST-1; Zhou 1998), the effect on αro is only
∆αro = 0.04. As with the HST data, we have convolved
the VLA data with a Gaussian to obtain 0.′′5 resolution.
3. THE MORPHOLOGY AND SPECTRUM OF THE
M87 JET
Here we compare the best available images and spectra
of the jet at radio, optical and X-ray frequencies. Below,
we first discuss the jet’s X-ray morphology and its rela-
tionship to the optical and radio morphology (§3.1), then
its optical-to-X-ray spectral morphology (§3.2), and then
a comparison of its optical polarimetry and X-ray mor-
phology (§3.3).
3.1. Radio, Optical and X-ray Morphology in Total
Flux
In Figure 1 we compare radio, optical and X-ray images
of the M87 jet with images of the radio-optical, optical
and optical-to-X-ray spectral indices (αro, αo and αox
respectively). For the purpose of display, all images in
Figure 1 were rotated so that the jet is along the X-
axis. Also noted on Figure 1 are the historical names
for regions in the M87 jet, as in P01a and earlier papers.
The X-ray image shown in Figure 1 is that produced
using the deconvolution procedure described in §2.1. As
already noted in WY02, the Chandra image shows X-ray
emission from every knot in the jet as well as inter-knot
regions. We attempted to improve the signal to noise in
faint regions by applying adaptive smoothing; however,
the improvement was modest at best so we do not show
that version of the image.
The sub-arcsecond resolution of Chandra is readily ap-
parent in Figure 1; the nucleus has a full-width at half-
maximum of 0.′′54 (perpendicular to the jet direction) in
the deconvolved image, compared to 0.′′84 before decon-
volution. Thus the maximum entropy deconvolution we
applied to these data improved the angular resolution by
4≈ 35%. This has an immediate effect on our ability to
separate important regions of the jet. For example, un-
like the undeconvolved images presented in WY02 and
M02, here we fully separate the nucleus from HST-1, an
X-ray and optically bright knot located only 0.′′9 from
the nucleus. Similarly, we separate more clearly knots I
and A, which are 1′′ apart and were not well resolved in
undeconvolved images.
The improved resolution also allows us to make out
several features which were not immediately apparent in
the figures presented by WY02 and M02. Knot D is
seen to have significant X-ray structure downstream of
its peak; in particular, there does appear to be an X-
ray flux enhancement corresponding to the radio/optical
feature known as D-W. Figure 1 also shows that there is
indeed a weak optical peak associated with the feature
called D-X by M02, which was also noted but not named
by WY02. Comparison with the optical image reveals
that this feature is most likely associated with the up-
stream end of the knot E region, as its optical and radio
counterpart is connected to knot E’s optical and radio
maxima by an apparent thin bridge. Another feature
is apparent further downstream, in knot B1, where the
X-ray bright region appears to be associated with only
one of the two apparently crossing filaments seen in the
optical and radio (compare with Figure 1 of P99).
In Figure 2, we plot the profiles of various jet com-
ponents in the direction perpendicular to the jet, in the
radio, optical and X-rays. In each panel, we also plot,
for comparison, the profile of the Chandra PSF, repre-
sented by that of the nucleus, which is assumed to be
unresolved. The profiles in Figure 2 were made by ex-
tracting slices 7 pixels (0.′′86) wide at the centroid of the
named jet component (see Table 1). Three things are ap-
parent from Figure 2. First, it is clear that we do resolve
in the transverse direction several regions in the jet with
Chandra. In particular, the transverse X-ray profiles of
knots A, B and C are wider than the PSF at high signif-
icance. There are also indications that the X-ray profiles
of knot I, E and possibly knots D-X, D-W and D-E may
be resolved in the transverse direction. The latter results
should be verified with deeper imaging data. Second, in
the regions where we clearly resolve the X-ray emission,
the X-ray flux profile is narrower than that measured in
the optical and radio bands. Third, the loci of the flux
maxima of each knot are not identical – i.e., there are real
offsets between the X-ray and radio/optical component
maxima in both the direction parallel to the jet (as found
by M02 and WY02, see also below), and perpendicular
to it.
Given that Chandra’s angular resolution is just suffi-
cient to resolve the jet transverse to its axis downstream
of knot A, it is best to compare the jet’s radio, optical
and X-ray morphology in the context of runs of flux along
the jet. We show these in Figure 3. As can be seen by
examining these plots, the radio, optical and X-ray flux
track one another fairly closely in most regions of the
jet. However, there do appear to be some differences in
morphology. We have attempted to quantify these dif-
ferences by fitting Gaussians at the location of each flux
maximum to the (convolved) optical and (deconvolved)
Chandra datasets, using the task JMFIT in AIPS. The
results are given in Table 1.
The columns in Table 1 give, respectively, (1) Compo-
nent Name; (2) RA, as derived from the Chandra X-ray
data, after assuming the VLA position for the nucleus;
(3) Declination, as derived from the Chandra X-ray data,
after assuming the VLA position for the nucleus; (4) ob-
served (i.e., not deconvolved from the PSF) component
major axis (arcseconds), as derived from the Chandra
X-ray data; (5) observed component minor axis (arcsec-
onds), as derived from the Chandra X-ray data; (6) Dis-
tance of component from the nucleus, in arcseconds, as
derived from the Chandra X-ray data; (7) RA, as derived
from the HST image, after assuming the VLA position
for the nucleus; (8) Declination, as derived from the HST
data, after assuming the VLA position for the nucleus;
(9) The difference in RA, ∆RA, in arcseconds, in the
sense optical−X-ray; thus a negative value in this col-
umn means that the X-ray component is closer to the
nucleus than the optical; (10) The difference in Declina-
tion, ∆Dec, in arcseconds, in the sense optical−X-ray;
(11) Any notes connected with the astrometry (legend
given at bottom). The numbers given in parentheses be-
low each parameter represent the error in that parameter.
The data in Table 1 confirm that we resolve two jet
components – namely knots A and B. However, they nei-
ther support nor reject the claims we make for knots C
and I, as the surface brightnesses of those features are
small enough that it was necessary to fix the size of the
Gaussians used to fit them to obtain a good fit. Two
other regions appear to have large Gaussian sizes as re-
sults of this procedure, namely knots E and F. However
we cannot claim to have resolved these clearly, as we
did not restrict the size of the Gaussians in the direction
perpendicular to the jet, and moreover as seen in Fig-
ure 2, their profiles are not conclusive as to whether the
Chandra data resolve them. These same tests should be
redone on knots E and F with summed Chandra data.
As can be seen in Table 1, most components do not
have significantly different positions for their X-ray and
optical flux maxima. There are, however, significant
(> 3σ and > 0.′′1) optical-X-ray offsets for 4 components.
These are knots D-W, D-X, F and C-2. Two other knots,
HST-1 and A, have offsets that are > 3σ but ≈ 0.′′1 . Be-
cause of the small sizes of these offsets (i.e., < 0.2× the
angular resolution of the Chandra image), these offsets
should be treated as less secure than larger offsets with
identical statistical significance. The other knots have
offsets in the range 1-3 σ which are not statistically sig-
nificant. We deal with each of these in turn.
Knot HST-1 is the region of the jet where the fastest
apparent superluminal motions have been seen (≈ 6c,
Biretta et al. 1999). It is also the location of a bright
flare during 2002-2003 (Harris et al. 2003, Perlman et al.
2003), at which times the optical and X-ray flux max-
imum positions did coincide. M02 were also not able
to find any optical-X-ray offsets; however, they did not
apply deconvolution or pixel derandomization and there-
fore their reduction was not as sensitive to small offsets.
Given the X-ray and optical flaring activity that is cur-
rently occurring in this region (Harris et al. 2003, Perl-
man et al. 2003, Biretta et al. 2004), and which began
in ∼ 1999 (i.e., between the HST and Chandra observa-
tions), we speculate that this possible optical-X-ray offset
is a result of the flare.
Knots D-W and D-X are rather different cases. Knot
D-W is not associated with a clear X-ray maximum,
5whereas there is a clearer optical maximum, as can be
seen in both Figures 1 and 3. Knot D-X is in just the
opposite situation – while there is a clear X-ray maxi-
mum at that location there is not a clear optical maxi-
mum. In both cases it is therefore not surprising that we
see some X-ray-optical offset. Our knowledge of the X-
ray properties of these components would clearly benefit
from deeper Chandra observations.
Knot F has two fairly clear optical maxima, which are
separated by about 0.′′4 in the HST images (see e.g.,
P01a, Sparks et al. 1996); the optically brighter com-
ponent is the one further downstream. When the opti-
cal data are convolved to the resolution of Chandra, one
cannot separate by eye these components. It is apparent
that the X-ray maximum of knot F is associated with
the upstream optical maximum. This observation agrees
with WY02 (M02 did not have good enough statistics to
comment on this region, as they discuss).
Our data suggest a small (∼ 0.′′1) but statistically sig-
nificant (3.5σ in RA; 5.5σ in Dec) offset between the
location of the optical and X-ray maxima of knot A. In
this we agree with M02; we are also not in disagreement,
however, with WY02, who note no offset to within ±0.′′1
but did not analyze HST data. The origin of this possi-
ble offset is not clear; however, it may have to do with
the knot’s double structure as seen at 0.′′1 resolution in
the optical (P01a, Sparks et al. 1996). Indeed, a closer
inspection of Figure 1 shows that the flux maximum re-
gion of knot A may be extended in the X-rays, along the
length of the jet. This region would clearly benefit from
improved angular resolution in the X-rays.
In the knot C region there also appear to be significant
X-ray – optical differences, but the situation is somewhat
complex. The X-ray and optical maxima of the region
known in the optical as C-1 appear to coincide. However,
knot C is a rather diffuse region in the optical, while in
the X-rays there are two distinct maxima (Fig. 3). The
second of these is close to the position of the optical
component called C-2, but it is offset from the maximum
of that component by about 0.′′7. This was noticed also
by M02 (who called the X-ray emission ’G’; however the
optical component by that name is located further from
the nucleus) and WY02; however, neither of those teams
gave a value for this offset. The αox map also shows that
the downstream edge of knot C appears to have a smaller
αox than regions further upstream. This region would
benefit from analysis of deeper Chandra observations.
Two other regions are also of note here. As can be
seen in Table 1, our data suggest optical-X-ray offsets of
nearly 3σ significance at the flux maxima of knots E and
D-E. The former was noted by WY02 but not M02; our
data are suggestive of the same optical-X-ray offset (in
the sense that the X-ray maximum is slightly upstream
of its optical counterpart). These regions would clearly
benefit from greater resolution in the X-rays given that
the possible offsets are ∼ 0.′′1, only 1/5 of the Chandra
pixel size.
3.2. Optical-to-X-ray, X-ray and Broadband Spectrum
of the M87 Jet
These data allow us to deduce new information regard-
ing the X-ray and broadband spectrum of the M87 jet.
M02 and WY02 published the first X-ray spectra of in-
dividual jet components. Those works established that
the X-ray spectrum of each knot in the jet could be well
described by a steep power law (αx > 1), although no in-
formation was included on knot HST-1, in either paper.
We have re-analyzed the X-ray spectrum of various
components of the M87 jet, using regions similar to those
in WY02, with the addition of a region for knot HST-
1. Our analysis procedure included two differences from
WY02. We made use of the latest available reduction
procedures (see §2.1), including the application of ACIS-
ABS. To extract the background spectrum, we used rect-
angles parallel to (north and south of) the jet to extract
the background spectrum, a slightly different strategy
from that used by WY02 or M02. We fitted single power
law plus Galactic absorption models for all components,
and in separate trials allowed first only αx and then both
αx and NH to vary. The full analysis was also done sepa-
rately by each author, with ESP using Sherpa and ASW
using XSPEC for spectral modelling. Data were gener-
ally fit in the 0.3 − 5 keV band. The results of these
procedures are given in Table 2.
All knots are well described by single power law mod-
els; none requires a significant spectral break within the
X-ray band. The variations in the power-law index of the
jet’s X-ray spectrum are small; in fact, all the knots ap-
pear consistent to within 2σ with a power law of energy
index α ∼ 1.45. There is, however, evidence for X-ray
spectral variations along the jet. We find knot HST-1
to have an X-ray spectral index αx ≈ 1.3, in agreement
with WY02’s estimate without deconvolution.
We reproduce to within the 90% confidence errors most
of the values for αx given in WY02 and M02 for which fits
are given in those papers. We also find that the absorbing
column densities are consistent with the Galactic value,
NH(Gal) = 2.4×10
20 cm−2, with weak evidence that the
column to the nucleus may exceed NH(Gal). There are
some areas of disagreement between our results and those
of WY02, however. In particular, we do not unambigu-
ously verify an absorbing column in excess of Galactic
for the nucleus, as found by WY02, although both our
analyses give a higher absorbing column for the nucleus
than anywhere else. We also find that the photon indices
of the knots given by WY02 are too small by, on average,
0.15–0.2, as noted in the erratum to WY02 (Wilson &
Yang 2004). Our testing reveals that the likely cause for
these discrepancies is our correction of the ARF for the
effects of absorption by contaminants on the surface of
the CCD or its filter, using the program ACISABS. The
existence of such absorption was not known when WY02
analyzed their data, with the results that their spectra
for knots D, A and B are too hard (by ∆α ∼ 0.2 − 0.3)
and their column density of the nucleus is overestimated.
Thus the discussion by WY02 of the putative hard spec-
tra of D, A and B (their §4.2) is not correct.
We also made a profile of αx along the jet, by extract-
ing photons in a 4′′ wide strip and then dividing the
regions so that each had approximately 800 counts. This
procedure was done separately for both the 3.2 s frame
time data set and for the 0.4s frame time dataset to allow
for pileup in the bright regions. The fits were then done
withNH left constant given the information gleaned from
the fits to individual knots. The run of αx along the jet
derived in this way is shown in the bottom panel of Figure
4. This map verifies the result above that all jet regions
appear consistent to within 2σ with a single power law
6shape. We do, however, find possible variations at the
nearly 2σ level, with somewhat flatter spectra interior to
knot E, as well as in knot C, and steeper spectra in knots
F, A and B.
To investigate this issue further, we constructed images
of two X-ray softness ratios SR1= F(0.3−1 keV)/F(1−3
keV) and SR2= F(1−3 keV)/F(3−10 keV). To increase
the signal to noise in the 3−10 keV band (which contains
the smallest number of photons), we performed this cal-
culation on the data binned to 0.′′492 pixels, rather than
0.′′123 pixels, and smoothed the data with a Gaussian of
σ = 1 pixel. We plot these ratios in Figure 4 (middle
panels). As can be seen, the softness ratios are signifi-
cantly smaller in the inner 3′′ of the jet, i.e., the nucleus,
HST-1 and possibly D-E, have harder X-ray spectra than
regions further out. We also see evidence for some flat-
tening of the X-ray spectrum in knot C, particularly in
SR1. Thus, the 2σ variations found in αx (shown in the
bottom panel of Figure 4) are supported by the softness
ratio analysis and are likely to be real.
A map of optical-to-X-ray spectral index, αox, is shown
in Figure 1, bottom panel. The run of αox along the
jet is shown in Figure 5 compared to runs of αo and
αro. The αox map was made from the deconvolved,
pileup-corrected 0.3–1.5 keV Chandra image and the
F300W HST image from P01a, convolved to a reso-
lution of 0.′′5. Making the αox map required convert-
ing the Chandra image into units of µJy per pixel at 1
keV, which was done assuming a constant spectral index
αx = 1.4 (see above) and the Galactic column density,
NH(Gal) = 2.4 × 10
20 cm−2 (Biretta et al. 1991). The
uncertainty in αox resulting from the assumption of con-
stant αx and NH is tiny. The runs of αo and αro are
taken from P01a and smoothed to 0.′′5 resolution.
As can be seen from Figures 4 and 5, αox varies con-
siderably along the M87 jet. In knot HST-1, αox is con-
siderably smaller than in any other region of the jet, and
is consistent with its large X-ray to optical ratio noted
by M02 and WY02. The value of αox (HST-1) is 0.83,
as compared to 1.45 for the nucleus and 1.2 for knot D.
Note, however, that due to variability (see above), this
value of αox may not be reliable. Beyond knot HST-1,
there are two types of variation seen in αox. First, there
is a steady spectral steepening, which begins at 2′′ from
the nucleus (the inter-knot region between knots HST-
1 and D) and extends to 18′′ from the nucleus (in knot
C, between the two X-ray peaks). In this region αox in-
creases from≈ 1.2−1.4 at 2′′−7′′ from the nucleus (knots
D, E) to ≈ 1.7−1.9 at 15′′−18′′ from the nucleus (knots
B, C). Second, superposed on this steady increase are
small, but significant, variations in the optical-to-X-ray
spectrum at the positions of optical and X-ray flux max-
ima: at the positions of X-ray and optical maxima in the
inner jet, αox decreases. These variations in αox appear
largely to mirror the variations in νbreak determined by
P01a through fitting the radio and optical spectra.
3.3. Comparison of X-ray Morphology with Optical
Polarimetry
A comparison between the morphology of the X-ray
emission and maps of optical polarized flux and polar-
ization position angle, can give important information on
the configuration of the magnetic field in the X-ray emit-
ting regions. This comparison is shown in Figure 6. The
top panel of Figure 6 displays the X-ray flux (greyscale)
with optical percentage polarization contours overplot-
ted. On this panel, the datasets have been rotated so
that the jet is along the X-axis, as in Figures 1-5. The
lower three panels of Figure 6 show X-ray flux contours
plotted along with vectors whose direction is that of the
magnetic field, as derived from the optical polarization
measurements, and whose length is proportional to the
optical percentage polarization. These panels are in the
cardinal orientation (i.e., north up, east to the left). Each
of the three lower panels shows a different region of the
jet, with the region out to 5′′ from the nucleus (knots
HST-1, D-E, D-W and D-X) shown in the left middle
panel, the region between knot E and knot I (4.′′5− 11.′′5
from the nucleus) shown in the right middle panel, and
the outer jet (knot A and exterior to it, 11.′′5− 19′′ from
the nucleus) shown in the lower panel.
Figure 6 reveals a fairly consistent anticorrelation be-
tween optical percentage polarization and X-ray flux
in the inner jet. In particular, the bright X-ray flux
peaks are generally regions of low optical polarization,
while peaks of optical polarization occur well away from
the peaks of X-ray flux. A similar anticorrelation be-
tween optical flux and optical percentage polarization
was noted in P99; however, as noted by those authors,
there is no analogous anticorrelation between radio po-
larization and either radio or optical flux (their Figures
3-7 and §§3-4).
It is interesting to elaborate on this anticorrelation.
In three knot regions – HST-1, D-E and D-X (Figure 6,
top and left middle panels) – the X-ray peak coincides
exactly with the location of the optical polarization min-
imum, while in two other regions, the X-ray flux peak is
either slightly upstream (knot E) or downstream (knot
F) of the optical polarization minimum. As has already
been noted by P99, several of these optical polarization
minima tend to be immediately downstream of regions
of increased optical polarization where the magnetic field
is perpendicular to the jet. The morphology of the mag-
netic field is not the same for all the inner jet knots,
however. For example, in knots HST-1, D-E and F (Fig-
ure 6, middle panels) large rotations of the magnetic field
direction are seen just upstream of the X-ray flux maxi-
mum, while much less rotation is seen in knot E (Figure
6, right middle panel), where the magnetic field appears
to remain more closely parallel to the jet direction.
Three X-ray bright knots in the inner jet are not
strongly anticorrelated with optical polarization. The X-
ray peaks of knots D-W and I (Figure 6, left middle and
right middle panels respectively) correspond to regions
of appreciable (15− 25%) but relatively constant optical
polarization. Both show some rotation of the magnetic
field direction, but again the details are different. In knot
D-W the magnetic field becomes nearly perpendicular to
the jet direction downstream (rather than upstream, as
in knot D-E and others discussed above) of the flux max-
imum, while in knots D-X and I the orientation of the
magnetic field seems unrelated to the jet direction.
The details of the relationship between X-ray flux and
optical polarization appear significantly different in the
outer jet (Figure 6, top and bottom panels). Both the X-
ray and optical flux peak of knot A, the brightest knot,
occur well downstream of the peak in optical polarization
noted by P99. The X-ray flux maximum is in a “valley”
7of reduced polarization between two high optical polar-
ization regions (called HOP-1 and HOP-2 by P99) which
surround both the X-ray and optical flux peaks. How-
ever, the optical polarization at the X-ray flux maximum
is still considerable (≈ 35%). Moreover, as can be seen
in Figure 6 (bottom), the magnetic field vectors in knot
A are consistently perpendicular to the jet direction, a
marked contrast to what is seen near flux peaks in the
inner jet. Much lower optical polarizations (∼ 15− 20%)
are seen in a band stretching for 0.′′4 between the optical
flux maxima of knots A and B. The X-ray flux peak of
knot B, which coincides with optical knot B1, is different
still: this knot is located in a region of fairly high optical
polarization, with magnetic field vectors that tend to be
parallel to the jet direction. Given the faintness of the
regions between knots B1 and C in the X-rays, it is im-
possible to comment on the relationship between X-ray
flux and optical polarization there. The X-ray flux peak
corresponding to knot C1 occurs just downstream from
an optical polarization minimum, in a region where the
optical polarization is increasing with distance from the
nucleus but has not yet reached maximum. However, the
terminal X-ray flux peak corresponds to the region be-
tween optical knots C and G, and does correspond to a
low optical polarization.
Comparing Figure 6 with Figures 1 and 3-5, two points
can be made. First, the knots where one sees a better
correspondence between X-ray flux maxima and optical
percentage polarization minima (e.g., knots HST-1, D-E,
F and A), tend to be brighter in the X-rays and have con-
siderably smaller αox than the X-ray flux maxima that
have weaker X-ray/optical polarization anti-correlations
(compare Figure 4, 5 and 6). The second point is that
like the X-ray flux peaks, the optical percentage polariza-
tion minima tend to coincide with lower values of αo and
αox, and possibly larger αro values. In §4 we will analyze
these features in the light of our spectral modelling.
4. PHYSICAL INTERPRETATION
Our reanalysis of the Chandra data confirms steep X-
ray spectra (αx > αr), and is thus consistent with a
synchrotron origin for the X-ray jet emission. However,
here we have attempted a more thorough discussion of
the M87 jet’s morphology and broadband (particularly
optical-to-X-ray) spectral energy distribution than pre-
vious authors. The correlation between X-ray emission
and optical polarization is also discussed. The addition of
these elements allows us to address the emission mech-
anism and physical conditions in more detail than was
possible in previous papers.
4.1. Synchrotron Emission Models and the Jet SED
We have fitted synchrotron spectral models to each
pixel of the radio through optical map cube described
in §3.1, using programs written by C. Carilli and J. P.
Leahy (Carilli et al. 1991; Leahy 1991). The purpose of
this exercise was not only to determine basic parameters
such as synchrotron break frequency and injection index
(an exercise which had already been carried out with
the full-resolution optical data by P01a, who emphasize
uncertainties in the determination of νbreak), but also to
use the results of the fits to predict the X-ray flux and
spectral index at various X-ray energies at each pixel
for each model. We emphasize that the Chandra data
were not used in the computation of these maps. In
this way, we can determine the degree to which particle
acceleration is or is not necessary at each position along
the jet, and diagnose the loci and energy dependence of
accelerated particles, where required. Only the smoothed
radio-optical data were used for model fits.
The models we fitted to the data were:
(1) A Jaffe & Perola (1973) model (hereafter JP). In
this model, a power law spectrum with n(Ee) ∝ E
−p
e (Ee
is the electron energy) is injected at t = 0 and allowed
to evolve, taking into account losses to synchrotron radi-
ation and/or inverse-Compton scattering. There is con-
tinuous isotropization of the pitch-angle distribution of
the electron population with time, but no further parti-
cle injection. The resulting spectrum is a power law at
low energies with α = (p − 1)/2, and an essentially ex-
ponential rollover above the synchrotron loss break fre-
quency. In P01a, the JP model was still regarded as
viable based only on simultaneous fitting of the entire
radio-X-ray spectrum of the three knots which had been
seen by ROSAT and Einstein. Our procedure rejects
this model with very high confidence, as the exponential
high-energy rollover underpredicts the X-ray flux at ev-
ery pixel by many orders of magnitude and, moreover,
its slope at X-ray energies is much larger than those ob-
served. The JP model will therefore not be mentioned
further in this paper.
(2) A Kardashev-Pacholczyk model (Kardashev 1962,
Pacholczyk 1970; hereafter KP). This model assumes the
same initial conditions as those in the JP model, but
there is no pitch-angle scattering, so a high-energy “tail”
of particles with small pitch angles develops. The result-
ing spectrum is a broken power law, with α = (p− 1)/2
at low frequencies and α = (2p+1)/3 at high frequencies.
The frequency of the break moves to lower values with in-
creasing time. Since the spectral index of the radio knots
(Biretta et al. 1991) is αr ≈ 0.6, then p = 2.2. If px = pr
(an assumption we will return to later), then the KP
model predicts X-ray spectral indices of αx = 1.75− 1.9
for the integrated emission of a volume containing both
sites of initial acceleration and regions into which the par-
ticles have moved; this range of values is somewhat larger
than observed (Table 2, Figure 4). Constancy of parti-
cle pitch angle is also somewhat implausible, in view of
the likely scattering of relativistic particles by hydromag-
netic waves (e.g., Wentzel 1974) and motion of particles
into regions of different magnetic field direction. How-
ever, we retain this model in our discussion as it does
not underpredict the fluxes by orders of magnitude (see
below).
(3) A “continuous injection” (hereafter CI) model
(Kardashev 1962; Ginzburg & Syrovatskii 1968; Heav-
ens & Meisenheimer 1987, Meisenheimer et al. 1989). In
this case, a power-law distribution of relativistic particles
is continuously injected at a constant rate. When the en-
tire source is included in the telescope beam, there is a
break of ∆α = 0.5 between the low and high frequency
spectra, which are both power laws (α = (p−1)/2 at low
frequencies and α = p/2 at high frequencies). If px = pr,
we expect typical X-ray spectral indices αx ≈ 1.1, some-
what smaller than observed (Table 2, Figure 4). P01a
showed that such a CI model cannot apply to knots A,
B and D, since it overpredicts their X-ray fluxes by fac-
tors of 8-50. However, that result gave no indication
8of whether or not the CI model could apply with more
complex assumptions about the sites, or spectrum, of
accelerated particles.
We show in Figure 7 the results of a CI model fit,
for the purpose of illustrating the trends in fitted break
frequency νbreak and injection index αin. We stress that
only the radio and optical data were used to develop
this model. Note that the trends in νbreak and αin are
identical for the KP model, except for an offset in νbreak.
Two interesting things can be seen in Figure 7. First,
the X-ray flux maxima correlate very well with the
highest-νbreak regions of the M87 jet. Thus regions of
high νbreak are also anti-correlated with optical polariza-
tion. This indicates that the X-ray flux “knows about”
νbreak; therefore, the X-ray emitting particles cannot be
an entirely independent population from those at lower
energies. Instead, the correlation indicates that the X-
ray emission is best explained as the high-energy exten-
sion of the radio-optical spectrum. Second, Figure 7
shows small variations in αin. At some level, this is a
feature induced by the data used in our modeling pro-
cess, which included only a single radio point. This lim-
itation forces αin ≃ αro. We have not included a second
radio point in the modeling because a radio spectral in-
dex map with sufficient resolution is not easily obtained;
moreover, comparing the Biretta et al. (1991) values of
αr with our values of αro reveals evidence of significant
spectral curvature (typical ∆α ≈ 0.1 − 0.2) between 15
GHz and the near-infrared point at 2.05 µm. We shall
nevertheless assume an injection index, αin, equal to the
local value of αro at all energies in view of the small
difference between αr and αro.
We have used these spectral models to predict X-ray
fluxes and spectral indices for the KP and CI models at
several energies within the Chandra band: 0.3, 0.5, 1, 2,
3, 5 and 8 keV. This allows us to test the applicability of
each synchrotron model to the M87 jet.
In Figure 8, we show the predictions at 1 keV for
the CI (left panels) and KP (right panels) models. For
each model, we show the ratio of predicted 1 keV flux
to observed 1 keV flux (i.e., Fpred/Fobs, upper panels),
and predicted spectral index at 1 keV (lower panels).
The spectral indices are essentially αx = p/2 (CI) or
αx = (2p + 1)/3 (KP). The models shown in Figure 8
are for the case where we adopted αin values from fitting
the radio-optical data (see above), and thus approximate
very closely the values of αro.
As can be seen, the KP model yields values of
Fpred/Fobs generally running between 0.10 − 1 in knot
regions and 0.01−0.1 outside of knots. Further, as noted
above, the KP model does not predict the correct X-ray
spectral indices: αx is predicted to be 1.75 − 1.9, com-
pared to the observed values of 1.3 − 1.6. Thus by 10
keV, the model underpredicts the observed X-ray fluxes
by factors of 3 − 500, while below 1 keV it overpredicts
the observed X-ray fluxes in some knots.
The CI model, by comparison, tends to consistently
overpredict the 1 keV fluxes (as originally noted by
P01a). As shown in Figure 8, we see generally lower
values of Fpred/Fobs in the inter-knot regions (often only
1–3), and higher values in the knots (3–20). Higher val-
ues are seen in the region exterior to knot A than closer
to the nucleus (this trend is also seen in the KP model).
The CI model comes closer to the observed X-ray spectral
indices than the KP model, predicting αx ∼ 1.15− 1.25,
somewhat smaller than the values we observe in most of
the jet, although not much flatter than the values seen
in the nucleus, HST-1 and D. We will discuss below the
possible reasons behind these differences.
4.2. A Model for Particle Acceleration in the M87 Jet
The previous section leaves us with an interesting di-
chotomy. Namely, throughout the jet, the CI model over-
predicts the X-ray flux, while the KP model underpre-
dicts it. A second aspect is that the KP model predicts
too steep an X-ray spectrum throughout the jet, while
the CI model predicts too flat a spectrum. We have al-
ready noted the physical implausibility of the KP model.
Resolution of its problems in describing the observations
would require injection of high energy particles to in-
crease the X-ray flux and flatten the X-ray spectrum -
i.e. the addition to the model of continuous injection at
X-ray emitting energies. We thus feel that an appropri-
ate approach is to modify the CI model in such a way as
to remove the discrepancy with observations.
The proposed model is thus a modified CI model in
which it is assumed that:
(i) the volume within which particle acceleration oc-
curs is energy dependent, being smaller for particles of
higher energy,
(ii) the spectrum of the injected electrons is a power
law n(Ee) ∝ E
−p
e below the cut-off implied by (i), and
(iii) the value of p is independent of energy and posi-
tion.
We note that other modifications of the CI model can
be made to remove the disagreement with observations
and briefly address such possibilities in §4.4. In the fol-
lowing, we derive the energy dependence of the volume
within which particles are accelerated. For simplicity,
we assume that electrons that emit optical synchrotron
emission are accelerated throughout the jet, i.e., with
unit filling factor facc, even though in P99 we advanced
a model of partial energy stratification to explain the dif-
ferences between the optical and radio polarization mor-
phology. We can then derive facc at higher energies from:
facc(Eγ , x, y, z) =
(
Fobs(Eγ , x, y, z)
Fpred,CI(Eγ , x, y, z)
)
, (1)
where Eγ is the energy of the photon emitted by the
electron.
We expect facc to be a function of both position (as
Fpred/Fobs is observed to be; Figure 8) and energy. Since,
as shown in Figure 2, the Chandra observation barely re-
solves the jet’s width, we feel it is most appropriate to
explore the variations of facc(Eγ) as a function of dis-
tance from the nucleus along the jet. We show this in
Figure 9 (top), which shows facc(r) at six different ener-
gies: Eγ = 0.3, 1, 2, 3, 5 and 8 keV.
Figure 9 (top) shows that at each energy facc varies
quite widely. We first discuss its variations as a func-
tion of position, focussing on the 1 keV curve. These
spatial variations of facc at any given energy are highly
significant, with facc generally declining with increasing
distance from the nucleus. Overall, in the inner jet one
sees at 1 keV values of facc = 1 − 0.2, i.e., particle ac-
celeration is taking place in 100% (in knots D and E) to
20% (in knot I) of the jet volume. By comparison, in the
9outer jet we see values of facc(1 keV) = 0.2 − 0.07, i.e.,
particle acceleration is taking place over 20% (in knot A)
to 7% (in knot C) of the jet volume. Thus, in general,
particle acceleration seems to be taking place in a larger
fraction of the jet volume in the inner jet than in the
outer jet.
Superposed on this general trend we also see variations
on smaller angular scales. Not including the nucleus and
HST-1, for which the values are unreliable due to vari-
ability, the highest value of facc is seen at D-X. In the
inner jet, local minima in facc appear close to the loca-
tions of some of the knot flux maxima – in particular
knot D-E at r = 2.′′8 and knot D-W at r = 3.′′8; however,
there is no clear pattern to these variations.
One also notices in Figure 9 (top) an obvious energy
dependence of facc, in the sense that particle acceleration
regions occupy a smaller fraction of jet volume at higher
energies. This seems to persist in all regions of the jet
(once again, the variations in energy at the positions of
the nucleus and HST-1 are not reliable due to variabil-
ity). As can be seen, the variation is quite large – at any
given position in the jet, facc varies by factors of 3− 20
from the lowest (0.3 keV) to the highest (8 keV) energy.
One simple parameterization of this energy dependence
is a power law:
facc(Eγ) ∝ E
ξ
γ ∝ E
ξ/2
e . (2)
This parameterization allows one to relate ξ to the pa-
rameters in the synchrotron spectrum if the CI model
holds. In particular, since the CI model predicts
Fν,pred = Kpν
−p/2 (for an energy independent facc), and
we observe Fν,obs = Kobsν
−αx (where Kp and Kobs are
constants), we have
facc = Fν,obs/Fν,pred = constant× ν
−(αx−p/2) (3)
∴ ξ = (−αx + p/2) = (−αx + αin + 0.5) (4)
We have calculated the value of ξ for different loca-
tions along the jet using equation (4). The values thus
obtained are in approximate agreement with those found
by fitting a power-law to the energy dependence of f
(Figure 9, top). Figure 9 (bottom) shows that in the in-
ner jet, ξ = −0.4 ± 0.2. This small amount of variation
is interesting, particularly given how much facc varies
along the jet. More negative values (ξ = −0.6 to −0.8)
are seen in two relatively isolated locations, 3′′ and 8−9′′
from the nucleus. We also see ξ = −0.7± 0.2 in knots A
and B, 12′′ − 15′′ from the nucleus. If one compares the
top and bottom panels of Figure 9, one notices a possi-
ble correspondence between the first two of these regions
where we see the most negative exponents ξ and small
local values of facc at low X-ray energies, suggesting that
the decline in facc towards higher X-ray energies repre-
sents a continuation of a decline in facc from optical to
X-ray energies. A recent analysis of deep UV imaging
of the M87 jet with HST (Waters & Zepf 2005) found
evidence that CI models with facc = 1 fitted to the P01a
radio-optical spectra exceed the observed flux at 1700 A˚.
This result is also qualitatively consistent with a decline
in facc from optical to higher energies, but may more
simply reflect uncertainty in fitting idealised models to
fluxes measured at closely spaced wavelengths.
From the continuity of facc and ξ along the jet (Figure
9) we are forced to conclude that particle injection and
acceleration in the M87 jet must occur both within the
knot regions and outside them. Jester et al. (2001, 2002)
came to a similar conclusion for the 3C 273 jet based
solely on radio-optical data.
4.3. Sites and Types of Particle Acceleration
The previous analysis established that in order to sus-
tain the X-ray emission in the M87 jet, in situ particle
acceleration almost certainly occurs, both within knots
and outside them. Yet if the X-ray emission can be rep-
resented by the CI model, the volume within which X-ray
emitting particles are accelerated cannot fill the entire jet
volume at any location, but instead fills only a fraction
facc which varies with both position and energy.
As already noted in §3.3, there is a strong correlation
between the locations of optical polarization minima and
X-ray flux maxima in several regions; this correlation is
seen in knots HST-1, D-E, D-X, F and possibly A and
C1. Figure 6 shows that some of the regions in the inner
jet (i.e., HST-1, D-E, D-X and F) show increased optical
percentage polarization and perpendicular magnetic field
just upstream (by 0.′′1 – 0.′′3) of the X-ray peaks, low op-
tical percentage polarization at the X-ray flux maxima,
and then an increase of the optical percentage polariza-
tion immediately downstream of the X-ray peak. Often
the downstream magnetic field direction is parallel to the
jet. Knot A is similar but here the downstream field is
perpendicular to the jet. Ongoing HST polarimetry of
the jets of several other nearby radio galaxies (Perlman
et al., in prep.) shows that this trend of low optical po-
larization at X-ray flux maxima, often accompanied by
changes in the polarization PA, seems to persist in the
population of X-ray synchrotron emitting jets as a whole.
Particle acceleration at shocks (e.g., Blandford & Os-
triker 1978) through the first-order Fermi process is gen-
erally believed to occur in jets. For ultrarelativistic
shocks, this model predicts an injection index of p = 2.23
(Kirk 2002; Kirk & Dendy 2001), in very good agreement
with our analysis of these data. Further, the low observed
polarization at X-ray peaks would result from beam av-
eraging over the pre- and post-shock regions, since the
field direction is expected to be different in these two
regions. The perpendicular field upstream of the knots
might result from a second, transverse upstream shock.
Alternatively, changes in polarization direction may re-
sult from differing contributions from a perpendicular
field region in the center of the jet and a parallel field in
the sheath (e.g., P99).
Our model implies that the volume within which par-
ticles are accelerated decreases with increasing particle
energy. In other words, there is an upper cut-off to the
energy of accelerated particles in any given element of
volume. In the context of the first-order Fermi process
in non-relativistic shock waves (e.g., in supernova rem-
nants), an upper cut-off may occur if there are no waves
(because of ion-neutral damping) ahead of the shock ca-
pable of reflecting particles above a certain energy; such
particles are then not reflected back and forth across the
shock, as is needed to gain energy (Drury, Duffy & Kirk
1996). In the ultra-relativistic case, damping of such
long wavelength modes would probably only be impor-
tant downstream of the shock (Kirk, private communica-
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tion). One also expects a high energy cut-off at energies
where the acceleration timescale is equal to the cooling
time to synchrotron or inverse Compton losses. It is thus
plausible that a high energy cut-off should be present,
but details are beyond the scope of this paper.
4.4. Alternative Models
The model discussed in §4.2 is not unique. We see at
least three alternative possibilities and deal with each of
these briefly in this subsection.
One possible alternative model is that the index of the
electron energy spectrum at injection is larger at X-ray
emitting energies than at lower energies. To account for
the typical X-ray spectral index, αx ≈ 1.4, would re-
quire an index at injection of px = 2.8, in contrast with
pr ≃ pro ≃ po = 2.2 at lower energies. This is, of course,
an ad hoc postulate, but no more ad hoc than our sug-
gestion that the volume filling factor within which par-
ticles are accelerated, facc, declines with increasing en-
ergy at X-ray energies. These two pictures are very simi-
lar in that they represent simple phenomenological ways
of modifying the classical CI model to allow agreement
with the observations. However, we prefer our model in
which facc declines with increasing energy for two rea-
sons. First, the index at injection is p = 2.2 at all ener-
gies and all locations along the jet, consistent with cur-
rent theoretical results for ultrarelativistic shocks (Kirk
& Dendy 2001; Kirk 2002). Second, in the model in
which the electron energy spectrum at injection is steeper
at X-ray emitting energies than at lower energies, the
value of px must vary along the jet because αx varies.
Another possible model is that the X-rays may come
from a different population of relativistic electrons from
those responsible for the optical emission. This could be
related to the “stratified flow” proposed by P99. This
model seems less likely to us because we do not observe
αx < αox or αox < αo in any region of the M87 jet (con-
trary to the analysis of WY02; see §3.2 and also WY02’s
erratum [Wilson & Yang 2004]). Jester et al. (2002)
have suggested a model of this type for some regions of
the 3C 273 jet; however those 3C 273 jet components
do show definite spectral hardenings in the ultraviolet,
unlike M87.
Finally, within the classical CI model, it is possible
for αx − αr to equal some value other than 0.5. Such
can occur in relativistic electron diffusion loss models
which allow the magnetic field and diffusion coefficient
to vary as a function of distance from the location where
the electrons are injected and also allow the diffusion co-
efficient to be energy dependent (Wilson 1975). Also,
Coleman & Bicknell (1988) investigated models in which
relativistic particles are accelerated in adiabatic, non-
relativistic bow shocks, and the electron distribution
function evolves downstream through both adiabatic and
radiative (synchrotron) losses. They too found breaks
larger than 0.5. Unfortunately little is known about par-
ticle propagation and magnetic field variations within the
M87 jet, so models of this type are beyond the scope of
this paper.
5. SUMMARY
We have performed a re-analysis of the deep Chandra
image of the M87 jet, first analyzed by WY02. This
analysis improves on that of WY02 in several respects,
including an improved instrumental calibration as well
as image deconvolution. The former has allowed us to
obtain more reliable X-ray spectra along the jet, while
the latter allowed us to improve the spatial resolution by
nearly 50%, and fully separate knots HST-1 and I from
adjacent emission for the first time. There is evidence for
slight spectral variations ∆α ∼ 0.3 along the jet, with the
flattest spectra (αx = 1.3) observed in knots HST-1, D
and C, and somewhat steeper spectra (αx = 1.6) in knots
F, A and B. A careful comparison of the Chandra data to
the multiwaveband HST imaging and polarimetry data
of P99 and P01a has been performed in order to analyze
the broadband spectrum of the jet, and diagnose loci and
mechanisms of particle acceleration.
In situ particle acceleration almost certainly occurs
within the M87 jet. This has been demonstrated not only
from particle lifetime arguments, but also from spectral
fits to the broadband spectra. We have used the absolute
fluxes and spectra throughout the X-ray band to deter-
mine the volume filling factor, facc, of regions within
which particles are accelerated in the M87 jet. A con-
tinuous injection (CI) model in which both facc and the
power-law index of the energy spectrum of the injected
electrons are constant and independent of energy predicts
∆α = 0.5, where ∆α is the change in spectral index be-
tween radio (or radio to optical) and X-ray frequencies.
In contrast, we observe ∆α = 0.7 − 1.0, in agreement
with the conclusion that a CI model with facc = 1 over-
predicts the X-ray emission by large factors (P01a, M02,
WY02). To account for this larger ∆α, we have devel-
oped a model in which the filling factor facc varies as a
function of position and energy from ∼ 1.0 − 0.01 at 1
keV, with a general decline as a function of both increas-
ing distance from the core and increasing particle energy.
Describing the energy dependence of the filling factor by
facc(Eγ) ∝ E
ξ
γ ∝ E
ξ/2
e (where Eγ is the photon energy
and Ee is the energy of the radiating electron), we find
ξ = −0.4±0.2 in most of the inner jet and ξ = −0.7±0.2
for knots A and B. In this model, the index, p, of the rel-
ativistic electron energy spectrum at injection is p = 2.2
at all energies and locations, in excellent agreement with
the predictions of models of cosmic ray acceleration by
ultrarelativistic shocks.
The X-ray peaks in the jet often coincide with minima
in the optical percentage polarization, i.e., regions where
the magnetic field is not ordered. We have suggested that
this effect results from shock waves at the X-ray peaks.
The shocks both accelerate X-ray emitting electrons and
reorient the field, resulting in low polarization through
beam averaging. A tendency for the field to align per-
pendicular to the jet upstream of the X-ray peaks may
reflect a second, transverse shock.
The need for high energy particle acceleration (X-ray
emission requires γ ∼ 107 − 108) in the M87 jet is con-
firmed by the Chandra data; however, significant uncer-
tainties remain, which would be alleviated by deeper,
higher-resolution X-ray data. A longer integration would
determine the variations in X-ray spectral index with
greater accuracy. We intend to revisit this issue in a
future paper by adding together the multiple Chandra
observations of M87 (Cheung et al., in prep.), which by
now amount to well over 200ks. The case for better reso-
lution is equally clear: we do not resolve the inner jet well
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in the transverse direction, though we do resolve knots
A, B and C in the transverse direction. Observations
with higher angular resolution would allow us to better
pin down the relationship between X-ray flux, spectral
index and optical properties, as well as offsets between
component maxima in different bands.
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Fig. 1.— Images of the M87 jet. Top panel. Radio (VLA 15 GHz). Second panel. Radio-optical spectral index. Third panel. Optical
(HST F814W). Fourth panel. Optical spectral index. Fifth panel. X-rays (Chandra 0.3-1.5 keV). Sixth panel. Optical-X-ray spectral
index. The Chandra image has been processed so that pileup is unimportant, and deconvolved using AIPS VTESS as described in §2.1,
and galaxy light has been subtracted from the optical image as described in P01. The radio and optical images and spectral index maps
were smoothed with Gaussians to a resolution of 0.′′5 to match the FWHM of the PSF-deconvolved Chandra image (see §§2, 3). The color
scales of the spectral index images are αro: 0.85 (red) to 0.6 (blue), αo: 1.5 (red) to 0.4 (blue), and αox: 1.6(red) to 0.9 (blue). All images
and maps have been rotated so that the jet, which is at PA −69.5◦ (North through East) is along the x-axis. The optical image suffers
from saturation at the nucleus. The images have been registered by aligning the images of the nuclei, which can be seen at far left. See §3
for discussion.
13
Fig. 2.— Plots of the profile of various jet components in the direction perpendicular to the jet, in the X-ray (solid line), radio (dotted line)
and optical (dashed line). For comparison, in each panel (except that for the nucleus) we have plotted the Chandra PSF, as represented by
the profile of the nucleus (long-dashed line). All panels are centered at the jet centerline, so that the shifts seen represent real offsets north
(positive values) or south of the jet centerline. Knots A, B and C are clearly resolved in the Chandra data, in the direction perpendicular
to the jet. A few other regions are possibly resolved; however, we do not resolve most of the inner jet components.
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Fig. 3.— Runs of flux in the X-ray (0.3-1.5 keV band, at top), Optical (HST F814W, middle), and Radio (VLA 15 GHz, at bottom)
bands. Flux in all three panels is plotted on a logarithmic scale. The optical and radio panels have been smoothed with 0.4′′ Gaussians to
match the resolution of the Chandra data. See §3 for discussion.
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Fig. 4.— Runs of flux and X-ray spectral information along the jet. Top panel. Total X-ray flux. Second panel. X-ray softness ratio
SR1 = F(0.3-1 keV) / F(1-3 keV). Third panel. X-ray softness ratio SR2 = F(1-3 keV) / F(3-10 keV). Fourth panel. X-ray spectral index
αx. Small variations are seen in the X-ray spectrum of the jet, with flatter spectra seen in the nucleus and knots HST-1, D and C, and
steeper spectra in knots F, A and B. See §3.2 for discussion.
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Fig. 5.— The run of X-ray flux compared to broadband spectral indices. Top panel. X-ray flux. Second panel. Optical spectral index
αo. Third panel. Radio-optical spectral index αro Fourth panel. αo − αro Fifth panel. Optical-X-ray spectral index αox. Values of αo,
αro and αo − αro are not shown within 0.′′3 of the nucleus due to the saturation of the optical images at the position of the nucleus. The
αo, αro and αo − αro runs have been smoothed with a Gaussian to a resolution of 0.′′5. See §§3.2, 4.1 for discussion.
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Fig. 6.— Plots comparing X-ray flux to optical polarization. At top, we show the Chandra 0.3-1.5 keV image in greyscale, with red
contours representing the level of polarization in the optical (in percent). A logarithmic scale was used for the greyscale of the Chandra
image, and contours are shown at 5, 15, 25, 35, 45, 55 and 65% polarization. The bottom three images show the X-ray flux in contours,
with optical polarization (B field) vectors overplotted. A vector 1′′ long corresponds to 200% polarization. The optical polarization images
shown here have not been smoothed with a 0.′′5 Gaussian (unlike the total flux images discussed and shown previously), in order to bring
out details in the magnetic field configuration of the jet. As can be seen, there is excellent agreement between the positions of X-ray flux
maxima and optical polarization minima, particularly in the X-ray brightest knots. See §§3.3, 4.2 for discussion.
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Fig. 7.— The results of modeling the radio-optical broadband spectrum with a continuous injection (CI) synchrotron emission model in
which the volume filling factor of regions of particle acceleration is energy independent (so ∆α = 0.5). The top panel shows the deconvolved
X-ray image of the M87 jet, for reference. The middle panel shows injection index αin, with the color scale running from 0.85 (red) to
0.6 (blue). At bottom, we show the synchrotron break frequency νbreak, with a color scale that runs from 10
14 Hz (blue) to 1015.5 Hz
(red). All data used for these maps has been smoothed with a 0.′′5 Gaussian prior to modeling; full resolution maps of these quantities have
appeared previously in P01. The trends shown in the KP model image of νbreak are very similar, with essentially only a zero-point offset
representing the overall differences in model characteristics (as described in Leahy 1991 and Carilli et al. 1991). The KP and CI models
give identical αin images, as expected since that value is constrained by only the low frequency spectral index. As shown, the X-ray flux
maxima correspond well with regions of high νbreak, but there is no correlation between X-ray flux and αin. See §4.1 for discussion.
Fig. 8.— The distributions of the ratio Fpred/Fobs and the predicted spectral index at X-ray frequencies for the continuous injection
(CI, left) and Kardashev-Pacholczyk (KP, right) synchrotron models, with energy independent filling factor facc for regions of particle
acceleration. The top two panels show the ratio Fpred/Fobs at 1 keV, with color scales that run from 1 (red) to 20 (blue) for the CI model
and 0.01 (red) to 0.4 (blue) for the KP model. The bottom two panels show the predicted spectral index at frequencies ν >> νbreak
(computed at 1 keV), with color scales that run from 1.15 (red) to 1.25 (blue) for the CI model and 1.75 (red) to 1.9 (blue) for the KP
model.
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Fig. 9.— At top, we plot the filling factor, facc, of the regions within which particles radiating X-ray synchrotron radiation at Eγ are
accelerated, versus distance from the nucleus, for six different values of Eγ . From top to bottom, these are: 0.3 keV (solid line), 1 keV
(dotted line), 2 keV (short-dashed line), 3 keV (dot-dashed line), 5 keV (dot-dot-dot-dashed line) and 8 keV (long-dashed line). The high
values at r = 0.′′5−2′′ result from massive variability during 1999-2003 in knot HST-1, and should not be taken as representative of the knot
at a single epoch. The general decrease in facc with increasing r is notable. At bottom, we plot the injection exponent ξ (facc(E) ∝ Eξ)
versus distance from the nucleus, computed using equation (4). See §4.3 for discussion.
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TABLE 1
X−ray Positions and Sizes of Jet Components
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
X−ray Position (J2000.0) Comp Size (FWHM) Distance from Optical Position(J2000.0)
Component RA Dec Maj Min Nucleus (r) RA Dec DeltaRA Delta Dec Notes
h m s ◦ ′ ′′ arcsec arcsec arcsec h m s ◦ ′ ′′ arcsec arcsec
Nucleus 12 30 49.417 12 23 28.02 0.70 0.58 0 12 30 49.417 12 23 28.02 0 0 a
(0.001) (0.01) (0.04) (0.03) (0.002) (0.02)
HST−1 12 30 49.355 12 23 28.32 0.79 0.60 0.96 12 30 49.363 12 23 28.42 +0.12 +0.11 b
(0.002) (0.02) (0.06) (0.04) (0.04) (0.001) (0.01) (0.03) (0.03)
D−E 12 30 49.239 12 23 28.92 0.85 0.73 2.77 12 30 49.233 12 23 29.00 −0.08 +0.08
(0.002) (0.02) (0.06) (0.05) (0.04) (0.002) (0.02) (0.03) (0.03)
D−W 12 30 49.165 12 23 29.34 0.49 0.49 3.92 12 30 49.188 12 23 29.18 +0.33 −0.16 c
(0.003) (0.04) (0) (0) (0.06) (0.005) (0.05) (0.06) (0.06)
D−X 12 30 49.089 12 23 29.61 0.49 0.49 5.05 12 30 49.070 12 23 29.82 −0.27 +0.21 c,d
(0.003) (0.04) (0) (0) (0.06) (0.003) (0.04) (0.06) (0.06)
E 12 30 49.030 12 23 29.94 1.4 0.9 6.00 12 30 49.017 12 23 30.10 −0.18 +0.16 d
(0.002) (0.03) (0.2) (0.1) (0.05) (0.006) (0.06) (0.07) (0.07)
F 12 30 48.884 12 23 30.74 1.6 1.2 8.27 12 30 48.862 12 23 31.00 −0.32 −0.26 d
(0.002) (0.03) (0.2) (0.2) (0.05) (0.003) (0.03) (0.05) (0.05)
I 12 30 48.709 12 23 31.74 0.49 0.49 11.03 12 30 48.703 12 23 31.82 −0.08 +0.08 c,d
(0.004) (0.05) (0) (0) (0.08) (0.001) (0.01) (0.05) (0.05)
A 12 30 48.621 12 23 32.29 0.98 0.91 12.43 12 30 48.616 12 23 32.41 −0.07 +0.11
(0.001) (0.02) (0.04) (0.04) (0.03) (0.001) (0.01) (0.02) (0.02)
B 12 30 48.505 12 23 32.87 1.7 1.3 14.2 12 30 48.495 12 23 32.99 −0.14 +0.13
(0.006) (0.07) (0.2) (0.2) (0.1) (0.001) (0.01) (0.08) (0.08)
C−1 12 30 48.302 12 23 34.56 0.49 0.49 17.6 12 30 48.296 12 23 34.64 −0.09 0.09 c
(0.005) (0.07) (0) (0) (0.1) (0.001) (0.02) (0.07) (0.07)
C−2 12 30 48.211 12 23 34.94 0.49 0.49 18.98 12 30 48.256 12 23 34.68 +0.66 −0.25
(0.004) (0.06) (0.) (0) (0.09) (0.001) (0.01) (0.07) (0.07)
aBoth the HST and Chandra data were registered to the VLA data assuming a common position for the nucleus of M87 in the radio, optical and
X-rays. The position given for the nucleus is therefore based on the absolute VLA astrometry and all other positions are relative to it.
bOptical position for knot HST−1 was based on fitting the unconvolved HST image with a Gaussian of FWHM 0.174 arcsec, which was taken as
representative of the resolution of the HST data with this pixellation. The fit for the convolved HST image failed because of confusion with the
nucleus.
cFits with a variable component size failed; a fixed FWHM of 1 ACIS pixel (0.′′492) was assumed.
dComponent sizes based on a free component size but component position is based on a fixed 0.′′492 FWHM component to minimize error.
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TABLE 2
X-ray Spectral Fits for Nucleus and Jet Knots
Component Region Distance αx NaH K
b S (1 keV), µJy χ2ν
Nucleus 0.′′6c circle 0 1.23 ± 0.11 3.5± 1.5 17.68 107 0.933/68
HST-1 0.′′6c circle 1.′′25d 1.32± 0.08 2.4± 0.9 20.76 129 0.968/77
D-E 0.′′6c circle 2.′′91 1.43 ± 0.09 2.4 (frozen) 8.31 51.5 0.745/34
E 2.′′4× 1.′′6 box 5.′′80 1.48 ± 0.12 2.1± 1.1 5.04 32.2 0.618/64
F 2.′′4× 1.′′6 box 7.′′75 1.64 ± 0.15 1.7± 1.3 3.70 20.1 0.760/42
A 2.′′3× 2.′′0 box 12.′′6 1.61 ± 0.07 0.8± 0.5 27.7 156 1.198/89
B 3.′′3× 1.′′8 box 15.′′35 1.59± 0.12 2.8± 1.2 5.70 30.3 0.678/58
C 7.′′8× 1.′′5 box 20.′′9e 1.33 ± 0.06 2.4 (frozen) 3.58 20.6 1.576/49
a1020 cm−2
b10−5 Photons sec−1 keV−1
cRadius of extraction circle
dOffset by 0.3′′ away from component centroid to avoid contamination from wings of nuclear PSF.
eOffset by 2′′ away from nucleus in order to include any flux further out in jet.
